MD; for the OPTIME-CHF Investigators Background-The prognostic value of serum sodium in patients hospitalized for worsening heart failure has not been well defined.
A lthough recent clinical trials [1] [2] [3] [4] demonstrated that hospitalized heart failure patients have relatively low inhospital mortality (3% to 4%), their readmission for cardiovascular causes and all-cause mortality rates within 60 days of discharge are as high as 25% and 10%, respectively. The mortality and morbidity appear to be significantly higher during this postdischarge phase than during a comparable period for patients with severe disease that does not require hospitalization. 5 Despite the clinical significance of worsening heart failure that results in hospitalization, this phase of the syndrome has received little attention in the cardiovascular community, 6 and risk stratification for these patients has not been well defined.
Serum sodium has been shown to be a prognostic factor in outpatients with heart failure 7 ; however, its significance in hospitalized patients has not been well defined. In a retrospective analysis of the Outcomes of a Prospective Trial of Intravenous Milrinone for Exacerbations of Chronic Heart Failure (OPTIME-CHF), we investigated the association between serum sodium and all-cause mortality and readmissions for cardiovascular causes in hospitalized patients with heart failure.
Methods

Study Design
The study design 8 and primary results of OPTIME-CHF have been published previously. 1 The OPTIME-CHF study randomized 949 patients with systolic dysfunction and worsening heart failure to receive 48 to 72 hours of intravenous milrinone (0.5 g · kg Ϫ1 · min Ϫ1 without a loading dose) or placebo in a double-blinded fashion. Patients requiring inotropic support and those with evidence of active myocardial ischemia within the prior 3 months, serum creatinine Ͼ3.0 mg/dL, systolic blood pressure Ͻ80 mm Hg, or unstable arrhythmias were excluded. Background therapy was left to the discretion of the treating physician, but specific recommendations for optimal medical therapy based on published guidelines were included with the study protocol. 8 The primary end point was the total number of days hospitalized for cardiovascular causes within 60 days of randomization. 8 Days lost to follow-up and days deceased were included prospectively in the primary end point to avoid bias toward a therapy with increased mortality. 1 For instance, a patient hospitalized initially for 7 days after randomization who then died on day 45 of the 60-day follow-up would have 22 days as the primary end point. Important secondary end points were 60-day mortality, the composite of death and rehospitalizations at 60-days, the ability to reach target dosing of ACE inhibitors at discharge, and quality of life (QOL). The latter was assessed with a visual analog scale from 0 (worst) to 100 (best) and a subjective health status questionnaire that assessed activity limitations, symptoms, and emotions as better, worse, or the same. 8 End points for the present analysis were the same as those in the overall OPTIME-CHF study, as described previously.
Data Analysis
Continuous variables are presented as median values with 25th and 75th percentiles, whereas categorical variables are shown as percentages of nonmissing values. The data are displayed in quartiles. All analyses were performed on the basis of the intention-to-treat principle.
Contingent on the assumptions of normality, ANOVA or Kruskal-Wallis tests were used to explore the relationship between continuous baseline and outcomes variables and serum sodium across quartiles. Because of the nonnormality of the primary end point, the Kruskal-Wallis test was used for this outcome. Pearson 2 statistics or Fisher exact test were used to examine the association between serum sodium quartiles and baseline categorical variables. If the overall test for differences among quartiles was significant at the 0.05 level, we examined the differences between the first and the other quartiles. For dichotomous outcomes measures, logistic regression analysis was used to examine the overall association of serum sodium and outcome with indicator variables for the higher 3 quartiles. If the overall model was significant at the 0.05 level, we examined the significance of the higher 3 quartiles using the first quartile as the referent group. A similar approach was used to assess the relationship between serum sodium and 60-day mortality with Cox proportional hazards regression. Multivariable analysis was used to assess the independent risk of serum sodium on clinical end points. For the multivariable analysis, 41 candidate variables were considered that reflected demographics, cardiac history, comorbidities, bedside clinical assessment, and laboratory studies. Within each category, the most likely predictors were identified by backwardsvariable selection, and variables were removed from the model at a probability value Ͼ0.05. The significant predictors from each of these 5 groups were combined, and 6 prespecified covariates were added if they had not already been included: age, gender, ethnicity, ejection fraction, etiology, and systolic blood pressure. These covariates were included on the basis of the high theoretical likelihood that they would be associated with outcomes. Backward stepwise variable selection was again performed, and a final model was generated. Two-sided values of PϽ0.05 were considered significant for all analyses. Analyses were performed with SAS version 8.2 (SAS Institute Inc).
Results
Baseline Characteristics
The baseline characteristics of the study patients across serum sodium quartiles are presented in Table 1 . Patients with lower serum sodium were more likely to have more severe heart failure (higher number of admissions in the previous year) and tended to have a longer duration of their disease. These patients also had lower systolic blood pressure and higher blood urea nitrogen (BUN). However, left ventricular ejection fraction, degree of congestion, symptoms (New York Heart Association [NYHA] functional class), and heart failure score 8 were similar across quartiles.
Outcomes by Serum Sodium Concentrations
The primary end point of days hospitalized for cardiovascular causes within 60 days of randomization was higher in the lowest sodium quartile than in the other quartiles: 8.0 (4.5, 18.5) versus 6 (4, 13) versus 6 (4, 11.5) versus 6 (4, 12) days (PϽ0.001 overall; PϽ0.015 for any quartile compared with first; Table 2 ). The in-hospital and 60-day mortality rates were also increased in the lowest quartile of serum sodium: 5.9% versus 1% versus 2.3% versus 2.3% (Pϭ0.015) and 15.9% versus 6.4% versus 7.8% versus 7% (Pϭ0.002), respectively ( Figure 1 ). Patients in the lowest sodium quartile trended toward higher rates of death or rehospitalization at 60 days: 41% versus 30.4% versus 33.5% versus 33.6% (Pϭ0.095). The primary end point had a moderate correlation with the 60-day mortality and 60-day death/rehospitalization rates (rϭ0.48 and 0.64, respectively, by Spearman rank correlation).
There were no differences observed across serum sodium quartiles in the rates of treatment failure (defined as sustained hypotension for Ͼ30 minutes that required intervention, myocardial ischemia and arrhythmias, worsening heart failure, and failure to achieve adequate clinical improvement at 48 hours after study-drug infusion) while patients were taking the study drug. However, significantly more patients with low serum sodium developed sustained hypotension that necessitated intervention ( Table 2 ). There was no association between serum sodium concentration and the ability to reach target dosing of ACE inhibitors by discharge.
Baseline QOL scores were comparable across sodium quartiles, and all patients had substantial and similar improvement over baseline in the visual analog QOL by hospital discharge that was maintained at 60-day follow-up. There was no difference in the QOL by the subjective health status questionnaire in the 4 quartiles, with an equal percentage of patients feeling better or the same by 60 days ( Table 2) .
Changes in Serum Sodium Concentration
Although on average, serum sodium increased by discharge in the lowest admission quartile, it decreased in the other 3 quartiles: ϩ1 (Ϫ2, 3) versus Ϫ1 (Ϫ3, 1) versus Ϫ2 (Ϫ3, 0) versus Ϫ3 (Ϫ6, Ϫ2; PϽ0.001). Thirty-eight percent (93/244) of the patients who were in the lowest serum sodium quartile at baseline were discharged with serum sodium concentration Ͼ135 mEq/L. Their 60-day mortality rate was 10.75% compared with 17.22% among patients who remained hyponatremic at discharge (Pϭ0. 19 ). The 60-day mortality rates in the other 3 quartiles were 6.4% versus 7.8% versus 7%, respectively.
Effect of Milrinone Treatment
There was no difference observed in the number of days hospitalized for cardiovascular causes within 60 days of randomization regardless of the treatment assignment (milrinone or placebo) for any of the serum sodium quartiles.
The 60-day mortality rate was also similar across sodium quartiles among patients treated with milrinone compared with placebo ( Table 3 ). The interaction between treatment assignment and serum sodium was not significant for any outcome (PϾ0. 35) , which indicates that the relationship between serum sodium and end points did not differ between treatment groups (Table 3 ).
Multivariable Analysis
The findings of the Cox proportional hazards model were consistent with those of the unadjusted analysis for the primary end point and for the 60-day mortality rate. After adjustment for baseline differences, serum sodium on admission remained a significant predictor of the number of days hospitalized for cardiovascular causes within 60 days of randomization (Pϭ0.03 
Discussion
Worsening heart failure that results in hospitalization represents a major public health problem because of the high postdischarge mortality rate, large number of hospital readmissions, and significant associated costs. Several recent studies have tried to identify predictors of mortality or rehospitalization that could potentially aid clinical decision making in this population. 9 -14 The present analysis, conducted in a sample derived from a large clinical trial, identifies a substantial risk of short-and intermediate-term clinical events associated with decreasing serum sodium concentration in patients hospitalized for worsening heart failure. Lower concentrations of serum sodium on admission remained a predictor of increased number of days hospitalized for cardiovascular causes and increased mortality within 60 days of discharge after adjustment was made for a variety of baseline variables. In heart failure, decreased stimulation of mechanoreceptors in the left ventricle, carotid sinus, aortic arch, and renal afferent arterioles leads to increased sympathetic discharge, activation of the renin-angiotensin-aldosterone system, and nonosmotic release of vasopressin, among other neurohormones. 15 Increased sympathetic drive contributes to avid sodium and water retention through renal vasoconstriction, stimulation of the renin-angiotensin-aldosterone system, and a direct effect on the proximal convoluted tubule. 15, 16 Increased angiotensin II and aldosterone levels in heart failure lead to decreased sodium and water delivery to the collecting duct, which, combined with resistance to the action of natriuretic peptides, result in impairment of free-water excretion and hyponatremia. 15 Finally, the nonosmotic stimulation of vasopressin release leads to elevated vasopressin concentration, which results in an increased number of aquaporin water channels in the collecting duct of the kidney that promote abnormal free water retention and contribute to the development of hyponatremia. [17] [18] [19] In several studies from the early 1980s, Dzau et al 20 -22 observed that patients with heart failure and low serum sodium had higher circulating levels of catecholamines, renin, angiotensin II, aldosterone, and vasopressin than normonatremic patients. Hyponatremic patients had an impaired neurohormonal response to orthostasis, lower hepatic and renal plasma flows, elevated liver enzymes, and prerenal azotemia compared with normonatremic patients. These studies raised the hypothesis that low serum sodium may be a marker of neurohormonal activation, reflecting the severity of the disease. Indeed, the degree of neurohormonal activation [23] [24] [25] and the prevalence of low serum sodium (21% versus 7%) 1,26 are markedly higher in hospitalized patients with worsening heart failure than in outpatients with stable disease.
Low serum sodium has also been correlated with ventricular ectopy, 27 an increase in sudden death 28 and increased in-hospital mortality. 29 A clinical risk model derived from a retrospective review of medical records has shown a significant 50% increase in 30-day all-cause mortality in patients with serum sodium below 136 mEq/L, risk that was also maintained at 1 year, compared with patients with normal serum sodium. 10 Hyponatremic patients have a greater immediate improvement in the cardiac index and left ventricular filling pressures in response to ACE inhibitors, 30 and although they may initially have more symptomatic hypotension in response to ACE inhibitors, they have significant improvement in serum sodium and survival compared with normonatremic patients. 30 -32 Many prior reports examining the prognostic value of serum sodium in hospitalized heart failure patients were either small or consisted of retrospective medical records review. The present retrospective analysis is the first to examine this relationship using data from a prospective, randomized clinical trial that had an extensive standardized assessment of baseline characteristics and outcomes and a 99% complete follow-up rate. In addition, we were able to analyze changes in serum sodium between admission and discharge. In the present analysis, lower serum sodium on admission was associated with more severe heart failure (longer duration of the disease and more hospitalizations in the previous year) but not with higher degree of congestion (similar prevalence of rales, jugular venous pressure, and edema across groups; Table 1 ). Lower serum sodium was also associated with a lower blood pressure and higher BUN ( Table 1) . Reduction in renal perfusion, renin-angiotensinaldosterone, and sympathetic activation lead to increased sodium and water reabsorption that is coupled with enhanced urea reabsorption in the proximal tubules. 13 Vasopressin, on binding to V 2 receptors in the inner medullary collecting ducts, increases urea permeability through activation of urea transporters, which enables its reabsorption. 33 The marked activation of neurohormonal systems, particularly vasopressin, may be the cause of both low serum sodium and high BUN in patients with decompensated heart failure. Use of neurohormonal blockade with ACE inhibitors and ␤-blockers may blunt some of these effects and may explain why hyponatremic patients in the OPTIME-CHF study had much lower BUN levels than in studies done in the 1980s, in which the use of ACE inhibitors and ␤-blockers was significantly lower.
Although the OPTIME-CHF study excluded patients with active ischemia, renal failure, significant arrhythmias, or those who required inotropes, 1, 8 patients in the lowest serum sodium quartile had an event rate (death/rehospitalizations) of 41% within 60 days, which suggests that they are at particularly high risk (Table 2) . Moreover, only 38% of these patients were able to normalize their serum sodium by the time of discharge. The 60-day mortality rate in this group was 11% compared with 17% in patients who remained persistently hyponatremic at discharge; however, this difference did not achieve statistical significance, probably owing to the small number of end points.
Milrinone is known to improve hemodynamics in heart failure patients, 34 and it has been suggested that it might be useful especially in patients with more severe heart failure. 35, 36 In the present analysis, patients in the lowest serum sodium quartile (with more severe heart failure and presumably worse hemodynamics) experienced more sustained hypotension while using milrinone, despite having a similar improvement in QOL score.
It has also been suggested that heart failure patients with hyponatremia are more susceptible to the hypotensive and azotemic effects of ACE inhibitors, possibly because they are more dependent on neurohormones to sustain their blood pressure, and therefore initiation or uptitration of ACE inhibitors is particularly difficult in these patients. 30, 31 Nevertheless, in the present study, there were no significant differences in the percentages of patients able to achieve target doses of ACE inhibitors at discharge across serum sodium quartiles.
The high short-term mortality and morbidity rates in patients hospitalized with worsening heart failure underline the importance of identification of modifiable risk factors. Of the predictors of mortality in the OPTIME-CHF study (age, NYHA class, low blood pressure, high BUN, and hyponatremia), hyponatremia is potentially modifiable by an available treatment (ie, vasopressin antagonists). 37, 38 The present analysis has several limitations. The study sample is derived from a randomized, controlled trial and consists solely of patients with impaired systolic function and relatively preserved renal function. Whether serum sodium concentration would be predictive of outcomes in patients hospitalized for heart failure and more advanced renal dysfunction deserves further investigation. Patients enrolled in the OPTIME-CHF study, however, do appear to have a clinical profile similar to that of unselected registry patients hospitalized for heart failure who have left ventricular dysfunction: normotensive, with a high degree of congestion and relatively preserved renal function. 39 Finally, although lower serum sodium is related to higher mortality, care must be observed in interpreting the exact shape of the relationship because of the relatively small number of deaths observed.
Conclusions
In this retrospective analysis, we found that in patients hospitalized for worsening heart failure and systolic dysfunction, serum sodium on admission is an important predictor of increased number of days hospitalized for cardiovascular causes and increased mortality within 60 days of discharge. The present study also raised the hypothesis that normalization of serum sodium during hospitalization may improve survival; however, this assumption needs to be tested further in randomized clinical trials. *Continuous variables are presented as median (interquartile range). P value is of interaction of treatment and serum sodium from regression of log-transformed response.
†P value is of interaction of treatment and serum sodium from logistic model. ‡Raw percentages of patients followed up to 60-day visit. P value is of interaction of treatment and serum sodium level from Cox model. §Raw percentages of patients followed up to 60-day visit. P value is of interaction of treatment and serum sodium level from logistic model.
